Abstract-Elevated metal concentrations in soils can disturb the soil ecosystem; thus, researchers strive to identify the most sensitive assay for detection of the early signs of toxicity. The purpose of the present study was to compare eight different ecotoxicological endpoints on the same set of metal-contaminated soils that were collected from seven series of soils sampled during field trials. The endpoints are based on three microbial assays (potential nitrification rate [PNR], substrate-induced respiration [SIR], and basal respiration [BR]) and two plant growth tests, one of which included symbiotic N fixation. The overall sensitivity of the endpoints to detect statistically significant adverse effects ranked as follows: PNR Ͼ SIR (lag time) Ͼ plant yield and N fixation Ͼ SIR (respiration after 24 and 48 h) Ͼ BR. The lowest adverse effect concentrations were found with the PNR at 7 mg kg Ϫ1 of Cd and 107 mg kg Ϫ1 of Zn. The variability of these endpoints among different uncontaminated soils was additionally assessed on 14 soil samples. That variability showed a strong correlation with sensitivity scores, illustrating that metal-sensitive endpoints have a large natural variability. We question the ecological relevance of highly sensitive microbial assays, because they tend to have a large natural variability. The identification of toxicity in the field requires endpoints that are highly sensitive and that do not vary greatly among soils (i.e., robust); however, no such endpoint was found in the present study. The endpoints that combined average sensitivity and robustness were SIR (lag time), clover yield, and N fixation in clover.
INTRODUCTION
Elevated metal concentrations in soils can disturb soil microbial processes. Several studies concluded that soil microorganisms are more sensitive than other terrestrial organisms to elevated metal concentrations [1] [2] [3] . Because of their essential role in soil on nutrient cycling, it is argued that microorganisms should be protected [3] . Nevertheless, maximum permitted concentrations of contaminants in soil often are derived without including soil microorganisms. For example, the recently developed U.S. Environmental Protection Agency soil-screening limits considered plants, soil invertebrates, and small terrestrial wildlife, but they did not include soil microorganisms [4] . One of the main reasons is the lack of a validated methodology to assess risks of chemicals on soil microorganisms. Furthermore, because of great spatial and temporal variation in their responses, it is very difficult to evaluate the ecological consequence of any measured change [4] .
Different endpoints are proposed to measure the effects of heavy metals on the soil microbial biomass: Soil microbial biomass [5, 6] , respiration [7] [8] [9] , specific respiration rate (qCO 2 ) [10, 11] , enzyme activities [12] [13] [14] , nitrification [15, 16] , and biological N fixation [17] [18] [19] .
A series of studies revealed the effects of heavy metals on symbiotic N fixation at relatively low metal concentrations in soils [2, 17, 20] . The sensitivity of this endpoint to metal pollution cannot be generalized, because early studies demonstrated unaffected symbiotic N fixation up to very large metal concentrations [21] .
Nitrogen fixation frequently has been suggested as a suitable test for pollution, particularly by heavy metals in soil [1] .
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However, a direct comparison of the sensitivity of the symbiotic N fixation to other microbial endpoints has not yet been demonstrated.
In the present study, the sensitivity of symbiotic N fixation as an endpoint for heavy metal toxicity in soils is compared with seven other ecotoxicological endpoints on the same set of soils. These endpoints are the potential nitrification rate (PNR), the lag time and respiration after 24 and 48 h of the substrate-induced respiration (SIR), the basal respiration (BR), and the symbiotic N fixation measured as the percentage N in clover shoots derived from atmosphere (N dfa ). In addition, growth of clover and grass are included as assays, both because these data are available and because the symbiotic N fixation is an endpoint that combines plant-microbe interaction.
These assays are applied to different series of metal-contaminated soils and to a range of uncontaminated soils. The tests in uncontaminated soils are included to contrast the effects in contaminated soils with natural variability of the corresponding assays. The contaminated soils are collected from six established field trials in which sewage sludge or metal salts were applied more than 10 years before sampling and from one transect in a sludge-treated soil.
MATERIALS AND METHODS

Soils
The metal-contaminated soils used for dose-response analysis were collected from seven series of soils with increasing metal concentrations that were sampled from plots in field trials where metal salts or sludge had been applied at various rates and from a transect in a sludge-contaminated soil [22] . Each of the seven series contained an uncontaminated soil that was sampled from untreated control plots of the field trials or, for the transect, that was found in a field adjacent to the sludge- contaminated field. The uncontaminated soils are considered to be the control samples in each of the seven corresponding dose-response relationships. Metals in all soils already were present more than 10 years before sampling. The series of uncontaminated soils (n ϭ 14) to assess the natural variability of the endpoints included all soils described by Broos et al. [22] with Cd and Zn concentrations lower than the 90th percentiles of background values as defined in the Flemish legislation. These 90th percentiles vary slightly with percentage clay and percentage organic matter and are 0.8 mg kg Ϫ1 for Cd and 62 mg kg Ϫ1 for Zn in a soil with 10% clay and 2% organic matter (details not shown). The uncontaminated soils are soils within the different soil series described above that meet the background criterion (n ϭ 8) and some extra point samples obtained in France and Belgium (n ϭ 6). Soil characteristics are given in Table 1 .
All soils were sampled from the top 25 cm (arable soils) or the top 10 cm (grasslands). The soils were sieved (mesh size, Ͻ2 mm) and stored fresh at 4ЊC in darkness in plastic boxes with more than 20% headspace. All soils were maintained field-moist. Soil handling and characterization have been described previously [22] . The time between sampling and the start of the different experiments was, maximally, nine months for the N fixation assay and the plant growth, 11 months for the nitrification assay, and 16 months for the SIR and BR experiments. All soil samples of the same metal contamination gradient were tested at the same time for a given assay; however, for practical reasons, it was not possible to test all soils from different gradients at the same time. All endpoints (see below) were measured in triplicate for symbiotic N fixation, plant growth, and nitrification. Respiration endpoints (basal and substrate-induced) were measured in duplicate.
Nitrogen fixation assay and plant growth
Symbiotic N fixation was measured with 15 N isotope dilution in white clover (Trifolium repens L.) grown in potted soil that was not reinoculated and using ryegrass (Lolium perenne L.) as reference crop [22] . The N dfa , the clover yield, and the grass yield were used as ecotoxicological endpoints.
Potential nitrification rate
After a preincubation of 7 d at 20ЊC in darkness, 200 g of fresh soil were amended with (NH 4 ) 2 SO 4 (100 mg NH 4 ϩ -N kg Ϫ1 fresh soil) using a stock solution (80 mg (NH 4 ) 2 SO 4 L Ϫ1 ) and homogenized. Soil was moistened to field capacity using distilled water. The amount of NO 3 Ϫ -N formed during incubation at 20ЊC in darkness was measured colorimetrically in triplicate per soil (SA40; Skalar, Delft, The Netherlands). The PNR was determined as the rate of NO 3 Ϫ -N formation in soil during the initial period during which the NH 4 ϩ substrate was not limiting nitrification [16, 23] . The incubation period varied among different soil series but was always identical within soils of each series.
Substrate-induced respiration
After a preincubation of 7 d at 20ЊC in darkness, 50 g of fresh soil were amended with glucose (1 mg glucose g Ϫ1 fresh soil) using a stock solution (50 g glucose L Ϫ1 ) and homogenized. Soil was moistened to field capacity using distilled water. The soil samples were transferred in gas containers (1 g of soil in 12-ml tubes), and CO 2 -C evolution was monitored at 4-h intervals up to 48 h (20-20 Stable Isotope Analyzer; Europa Scientific, Northwich, UK). Three parameters were derived from the cumulative respiration curve: The lag time and the respiration after 24 h (Resp24) and 48 h (Resp48) of incubation.
The lag time (time between the addition of glucose and the exponential increase of the soil respiration rate) is defined as the intersection of the x-axis with the straight line through the two successive points at which the amount of respired CO 2 -C showed the largest increase [7, 8] .
Basal respiration
Soil was preincubated for 7 d at 20ЊC in darkness. Soil was moistened to field capacity using distilled water. The amount of CO 2 -C released during a 14-d incubation (after 0, 7, and 14 d) in soil without any substrate added was measured using a mass spectrometer Stable Isotope Analyzer). The BR was calculated as the rate of CO 2 -C formation and expressed in terms of g CO 2 -C g Ϫ1 d Ϫ1 . 
Statistical analysis
The statistical program SAS, Version 8.1 (Statistical Analysis System, Cary, NC, USA) was used for all statistical procedures, and levels of significance were, maximally, 0.05. Linear-regression analysis was used to determine relationships between the endpoints (all replicate data) and soil properties. The lowest-observed-adverse-effect concentration (LOAEC) in the soil metal concentration gradients is defined as the concentration at which, and above which, the response of the ecotoxicity test is significantly larger (lag time) or less (all other endpoints) than that in the control soil of the corresponding contamination gradient and is determined with a Duncan multiple-comparison test (p Ͻ 0.05) using all replicates as independent variables. The LOAECs were only identified if the dose (log total metal concentration)-response curve of the soil series was statistically significant (p Ͻ 0.05).
RESULTS AND DISCUSSION
Responses of the ecotoxicological endpoints
The responses of the assays in the seven metal-contaminated soil series differ greatly (Table 2 ). Increasing metal concentrations significantly reduced the N fixation in only three of the seven soil series. The smallest LOAECs for Zn and Cd were found in, respectively, the sludge-treated soil of Bordeaux (France; BOR 5-9; 614 mg kg Ϫ1 of Zn) and in the metal saltstreated soil of Hungary (HUN 1-5; 15 mg kg Ϫ1 of Cd). These concentrations are well above the median effect concentrations for N fixation found by McGrath et al. [17] in Woburn, Bedfordshire, United Kingdom, at total Zn (334 mg kg Ϫ1 ) and Cd (10 mg kg Ϫ1 ) levels. The variation in N dfa among soil series generally was larger than that within the series. A statistical analysis of all data, including the uncontaminated soils (n ϭ 37), showed that the overall variation in N dfa was most significantly explained by the number of indigenous rhizobia (log MPN) in the soil (p Ͻ 0.001, r ϭ 0.61; data not shown).
Significant effects of total metal concentrations on the clover yield were observed in four of the seven soil series. One LOAEC for Zn could be derived in the transect of London (UK; LON 1-6; 1,764 mg kg Ϫ1 ), whereas LOAECs for Cd ranged from 7 to 32 mg kg Ϫ1 (BOR 10-13 and BOR 14-17, respectively). Clover growth was restricted in all soils from Hungary, which likely related to physical factors (loss of soil structure after sieving [22] ).
Yields of grass significantly decreased with increasing metal concentrations in only three soil series. The LOAECs could be found only for Cd and ranged from 14 to 118 mg kg Ϫ1 (BOR 10-13 and HUN 1-5, respectively). The overall variation on both the clover and grass yield was most significantly explained by the soil mineral N before the start of the pot experiment (p Ͻ 0.001, r ϭ 0.62 and 0.60) in the overall dataset (n ϭ 37). This might be related to the N-limiting growth conditions [22] .
The PNR was significantly reduced by metal contamination in five soil series. The variation among all soils was most significantly explained by soil pH (p Ͻ 0.001, r ϭ 0.66) and not by total metal concentrations. The LOAECs could be determined for both Cd and Zn (in three and two soil series, respectively), and the smallest LOAECs were 7 [7] already found significant effects at 55 mg kg Ϫ1 of Zn added to a sandy soil 18 months after addition when measuring the decomposition time of glutamic acid. This decomposition time, as used by Haanstra and Doelman, is very similar to the lag time used in our experiments [8] . The study of Haanstra and Doelman [7] was based on metal-spiked soils, which may explain the higher sensitivities. The lowest LOAEC for Cd in the same study of Haanstra and Doelman also was 55 mg kg Ϫ1 , but this was the lowest metal addition for this experiment [7] .
The total metal concentrations had no statistically significant negative effect on any SIR endpoint among all soils.
The only LOAEC for BR rate was found in BOR 1 to 4 (Cd, 55 mg kg Ϫ1 ). The overall variation in BR was most significantly explained by the percentage C (p Ͻ 0.001, r ϭ 0.45) in the overall dataset (n ϭ 37). A summary of the thresholds of heavy metals on soil BR reveals an enormous disparity, ranging from 10 to more than 1,000 mg kg Ϫ1 for both Cd and Zn [2, 24] .
The statistically significant effects within each soil series (Table 2 ) might be related to soil properties other than metal contamination only, because covariance of soil properties also exist in these series. For example, the significant decreases in the yields of both clover and grass for HUN 1 to 5 might be the result of the decreasing soil mineral N in this soil series (clover: p Ͻ 0.001, r ϭ 0.92; grass: p Ͻ 0.001, r ϭ 0.87). Soil mineral N also could be a confounding factor for the apparent effect of metals on clover yield in BOR 14 to 17 (p Ͻ 0.05, r ϭ 0.69) and for grass in BOR 10 to 13 (p Ͻ 0.01, r ϭ 0.81). The effects on N dfa identified in BOR 5 to 9 and HUN 1 to 5 also might be confounded, as discussed previously [22] . Soil pH explained most variation among all soils for the PNR (see above), but only in the soil transect of LON 1 to 6 could the pH also be a confounding factor for the decreasing PNR (p Ͻ 0.001, r ϭ 0.85). In all other soil series, pH was rather constant. According to Murray et al. [25] , soil pH also explained most of the variation among all soils for the lag time of the SIR. However, only in the soil transect of LON 1 to 6 could the pH be a confounding factor for the effects on the lag time (p Ͻ 0.001, r ϭ 0.85). The percentage C could be a confounding factor of the lag time in the soil series BOR 14 to 17 (p Ͻ 0.001, r ϭ Ϫ0.97). Furthermore, percentage C also was significantly correlated (p Ͻ 0.05, r ϭ Ϫ0.27) with the lag time in the overall dataset (n ϭ 37). For the other parameters of the SIR (Resp24 and Resp48), no confounding factors could be observed. Effect of metals on the BR in sludge-treated soils may be confounded by the differences in organic matter content. The percentage C in BOR 5 to 9 and LON 1 to 6 increases with increasing metal concentrations [22] ; that is, any negative effect of the metals might be obscured by increased organic matter content. In the field experiments treated with metal salts, in which percentage C is 119 (11) 143 (2) 183 (5) 156 (8) 116 (1) 126 (2) 154 (7) 154 ( (10) 158 (17) 158 (17) 226 (9) 216 (7) 178 (10) 164 (11) 278 ( unaffected throughout the metal gradient, soil BR is not affected. Soil pH is the parameter that most significantly explained the variation in four endpoints (N dfa , PNR, lag time, and Resp24) for the 14 uncontaminated soils ( Table 3 ). The percentage C most significantly explained the variation in two endpoints (grass yield and BR), whereas soil mineral N correlated significantly with the clover yield.
Sensitivity and robustness
In only three soil series, significant effects of metals on the N dfa can be observed, whereas significant effects of metals are observed in four soil series for the lag time (SIR) and even in five soil series for the PNR. These data do not confirm that symbiotic N fixation is among the most sensitive endpoints. However, the effects of metals on the N dfa are rather extreme and cause a complete absence of N fixation in the soil transect LON 1 to 6 ( Table 2) . Sensitivities among tests preferably should be compared on equivalent percentage inhibition (ECx values). The dose-response relationships are, however, too variable to fit a toxic response curve and ECx values. Therefore, an alternative sensitivity parameter is proposed here. It is expressed as a score based on the number of metal rates in the soil series at which, and above which, significant adverse effects compared to the control are found. Arbitrary scores are attributed to an endpoint in each soil series. If a LOAEC is found in the highest-contaminated sample of a soil series, a score of one is attributed to the endpoint; if it is found in the second highest-contaminated sample, a score of two is attributed; and so on. If no LOAEC is found in a soil series, a score of zero is given. The sensitivity of a certain endpoint is defined as the average score across all soil series.
The sensitivity scores vary from 0.1 for the BR (least sensitive) to 2.1 for the PNR (most sensitive; data not shown). The sensitivity score for the N dfa in this dataset is 1.14, which is better than average (0.89). White clover yield combines both phytotoxicity and effects on the symbiotic N fixation, because plants were grown at N-limiting conditions [22] . This may explain why clover yield is a more sensitive endpoint compared to grass yield (sensitivities of 1.29 and 0.71, respectively). The PNR often is referred to as a sensitive endpoint to metal toxicity [16] . However, soil respiration is rather insensitive, because it is performed by a broad range of organisms [26] . Nevertheless, lag time of the SIR has a better-thanaverage sensitivity (1.29). The three different endpoints of the SIR assay were ranked for their sensitivity to heavy metal toxicity as follows: Lag time Ͼ Resp24 Ͼ Resp48. This ranking illustrates that the duration of an experiment plays a crucial role in the sensitivity of an endpoint to detect metal stress. Changes in lag time also can be interpreted as a reflection of changes in the physiological status of the soil microflora [8] because of substrate addition rather than severe toxicity of metals. Hattori [27] showed previously that early mineralization of substrates added to the soil is more sensitive to heavy metals than later measurements are. The insensitivity of the BR assay confirms earlier observations in soils contaminated with sewage sludge [6, 28] . In the present study, BR decreases only in one soil series (BOR 1-4) with increasing metal concentration because of sludge application, whereas opposite effects are found in two other soil series (BOR 5-9 and LON 1-6; p Ͻ 0.05).
Bioassays used in ecotoxicological studies not only should be sensitive to the pollutant, they also should be robust; that is, the responses produced must be both reproducible and consistent. Furthermore, they should be indicative or predictive of effects on the entire microbial community as the object for protection and be relevant to conditions in the field [2] . In the case of screening for effects of heavy metals in the field, robustness of the endpoint is extremely important, because it is almost impossible to sample a control soil that differs from the contaminated soil only in terms of metal concentration [2] . A large robustness effectively means that the biological response does not vary greatly between uncontaminated soils. In the present study, the robustness index (RI) of an endpoint is defined as the reciprocal of its variation coefficient among all uncontaminated soils (Table 3) . Remarkably, the PNR, the most sensitive endpoint, is the least robust (RI ϭ 1.2). Symbiotic N fixation has a rather average robustness (RI ϭ 2.1), comparable with that of the lag time (RI ϭ 2.5). The SIR after 48 h is the most robust endpoint (RI ϭ 7.4), illustrating that the fraction of glucose respired after 48 h is fairly constant among soils (average, 45%).
An overall negative correlation is observed between sensitivity to metal stress and robustness of an endpoint, illustrating that sensitive endpoints also are highly variable between control soils; that is, these endpoints show a large natural variability (Fig. 1) . Low robustness of an endpoint will increase the number of false-positive responses, because assays will be more sensitive to confounding factors. A high sensitivity combined with high robustness, which is required for screening purposes, was not found in the present study. The symbiotic N fixation shows a reasonable combination of robustness and sensitivity to indicate metal stress. Other ecotoxicological endpoints that combine an average sensitivity to an average robustness are clover yield and the lag time after glucose addition. Together with the symbiotic N fixation, these endpoints are most suitable as bioassays when sensitivity and robustness are only taken into account. Nitrification is sensitive to metal stress; however, it may not be useful for identifying toxicity in the field because of its large variability.
Most ecotoxicological studies of heavy metals and microbial processes in soil focus on the most sensitive endpoint to provide results that would be useful for legislators [3] . However, the ecological relevance of such an endpoint remains the key question. A highly sensitive endpoint appears to have a large natural variability (Fig. 1) . Small effects resulting from metal toxicity might have only minor ecological effects because of the intrinsic variation of the endpoint. For example, the PNR was halved from 5.5 to 2.7 mg NO 3 -N kg Ϫ1 d Ϫ1 in the Cd-contaminated soil series of BOR 14 to 17. This variation is still smaller than the variation of PNR in uncontaminated soils (0-34 mg NO 3 -N kg Ϫ1 d
Ϫ1
). Moreover, the average nitrification rate required to convert an annual crop-N demand into NO 3 -N is on the order of 1 to 2 mg NO 3 -N kg Ϫ1 d
(details not shown); that is, the effects noted in the BOR 14 to 17 transect may be indicative of stress but may not have large ecological relevance. The ecological relevance of an increased lag time also is questionable and difficult to interpret, both because the addition of glucose can cause major disruptions to the composition and functioning of microbial communities over short periods of time [3] and because effects on later stages of the SIR (Resp24 and Resp48) rarely are seen. In contrast, the ecological relevance of the N fixation generally is accepted, because symbiotic N fixation plays an important role in the regeneration of soil fertility [2, 17] . Effects of heavy metals on the N dfa most likely result from toxicity of the metals on the survival of a healthy population of the microsymbiont in the soil [22] . The symbiotic N fixation can be recommended as a suitable test for screening of heavy metal toxicity in the field when taking into account its ecological relevance, the average sensitivity coupled to an average robustness.
CONCLUSION
This comparative study did not show that symbiotic N fixation is the most sensitive endpoint to detect metal toxicity in soil compared to other microbial or plant growth assays. The nitrification potential (PNR) was the most sensitive endpoint in our dataset, but it also exhibited the largest variability among uncontaminated soils. An overall negative correlation was observed between the sensitivity to metal stress and the robustness of an endpoint, illustrating that sensitive endpoints also are highly variable between control soils. A high sensitivity combined with high robustness, which is required for screening purposes, was not found.
The clear ecological relevance, combined with reasonable robustness and sensitivity to metal stress, support the use of symbiotic N fixation as an endpoint to indicate metal toxicity in the field.
